Summary. Pancreatic D and A cell function is deranged in strept.ozotocin diabetes. To investigate this, the effect of D-glyceraldehyde, dihydroxyacetone, Dmannoheptulose and glucose variations during arginine stimulation on the release of somatostatin and glucagon from the isolated pancreas of normal and streptozotocin diabetic dogs was studied. Concentrations of the trioses, D-glyceraldehyde (1.25 and 2.5mmol/1) and dihydroxyacetone (11 mmol/1), which normally stimulate D cells, did not influence the release of somatostatin in the diabetic dog. However, the higher concentration of D-glyceraldehyde (5 mmol/l) suppressed D cell secretion in the diabetic animals at 0 and 8.3 mmol/1 glucose. A cell secretion was significantly suppressed at the higher glucose level in response to both 2.5 and 5 mmol/l of the triose. This inhibition may be explained by a non-specific effect induced by the high dose of this triose. The addition of 5 mmol/l mannoheptulose, which normally reduces glucose-induced somatostatin secretion and stimulates glucagon release, did not affect hormone secretion. In both the diabetic and the normal animals, arginine (5 mmol/1) stimulated somatostatin and glucagon secretion. Although arginine was able to stimulate D and A cell secretion in the diabetic dogs, it was however unable to restore the response to changes in glucose concentration between 1.4 and 8.3 mmol/1 to normal. These results demonstrate that the abnormal pancreatic D and A cell function in streptozotocin diabetes is characterised by an impaired response to glucose and certain glucose metabolites and probably results from a specific defect in glucose recognition.
Deranged function has recently been demonstrated in the pancreatic D cells in experimental diabetes [1] . No alteration in the release of somatostatin from the pancreas of streptozotocin diabetic dogs was found in response to changes in the concentration of glucose during its perfusion [1] , whereas normally they are accompanied by a swift change in D cell secretion [2] [3] [4] [5] . In contrast, various other somatostatin secretagogues, e. g. arginine [1, 61, calcium [1] , isoprenaline [11, and glucagon [7] were all able to stimulate somatostatin secretion from the diabetic pancreas. These results therefore suggest a selective insensitivity of the diabetic D cell to glucose. Whether this insensitivity applies only to the intact glucose molecule or also to glucose metabolites is unknown. To further elucidate the nature of the D cell abnormality in experimental diabetes, somatostatin responses were therefore studied in the isolated perfused pancreas of streptozotocin diabetic dogs to two glucose metabolites, glyceraldehyde and dihydroxyacetone, which stimulate D cell secretion [8] and to mannoheptulose, which inhibits glucose mediated D cell secretion [2, 8] in the normal dog. In addition, the ability of arginine to restore the pancreatic D cell response to glucose to normal in diabetic dogs was investigated.
Material and Methods
Animals and Perfusion System: Mongrel dogs, weighing 16-27 kg were used in the study. In 11 dogs diabetes was induced with streptozotocin (50 mg/kg IV). Blood samples were obtained from the diabetic animals just before the streptozotocin infusion, after an overnight fast. The diabetic dogs were then given a normal diet and daily 1V saline treatment (500 1000 ml) for periods of 3-5 days before the operation. Insulin was not administered. After an overnight fast and just before anaesthesia, further blood samples were collected from all the diabetic animals.
Venous blood from a foreleg was collected into tubes containing 10,000 KIU/ml Trasylol (FBA Pharmaceuticals, New York, USA) and 3 mg/ml EDTA (pH = 8) which were kept on ice for up to 20 rain. The plasma was separated by centrifugation and stored 0012-186X/81/0021/0489/$01.20 at -18 ~ C until the assay of glucagon and insulin levels. Blood for glucose determination was collected in tubes containing sodium fluoride and stored at -18 ~ until analysis.
All the dogs were subjected to the same procedure after the overnight fast. The technique for isolation of the pancreas and the perfusion system have previously been described in detail [9] . In brief, the preparation consisted of the pancreas and the proximal 10 cm of the attached duodenum. A non-recirculating medium consisting of a Krebs-Ringer bicarbonate buffer containing 40 g/l dextran (mol. wt. 75,000), 2 g/1 bovine albumin and glutamate, fumarate, and pyruvate (each 5 retool/l) was pumped through the splenic and coeliac arteries. The total portal effluent was collected every minute. Unless otherwise indicated glucose was not added to the medium.
The perfusate was oxygenated by a rotating roller screen in an atmosphere of 94.4% 02 and 5.6% CO2. The perfusion fluid was kept at 37 ~ C and a constant pH of 7.4, its perfusion pressure being 3040 mmHg and its flow rate 20 ml/min.
Experimental Protocol: Samples were taken every minute from the efflux. To prevent the possible degradation of somatostatin and insulin in the efflux, EDTA 3 mg/ml was added to the collecting tubes. The samples were immediately stored at -18 ~ C until analysis.
Each pancreas was perfused for an equilibration period of 20-30 rain, then the test substances were infused for 10-30 min, with 15-20 rain recovery intervals. Each total perfusion averaged 3h.
Reagents: D-glucose, D-glyceraldehyde, dihydroxyacetone, D-
mannoheptulose, and L-arginine hydrochloride were purchased from Sigma Chemical Co., St. Louis, USA. The test substances were added to the basic perfusion medium by constant infusion syringes.
Analytical Methods: Somatostatin was measured by radioimmunoassay as previously described [8, 10, 11] , using the tyrosin H analogue of somatostatin iodinated with 125I. The perfusion buffer was used as diluent for the standards. The detection limit was 2 pg/ml. Insulin and glucagon were measured by specific sensitive radioimmunoassays as described previously [12] . A pancreatic glucagon specific anti-serum (Lise Heding, Novo Research Institute, Copenhagen) was used. Glucose was determined by a glucose-oxidase method [13] and urine tested for ketones by Ketostix.
Calculations: The percentage change in hormone secretion (/x %) was calculated from the mean of the one-minute hormone values during the entire carbohydrate infusion (B) and the mean of the last five one-minute values just prior to the addition of the carbohy-B-A drate (A) as A% = -~-x 100%.
Since the control values (A) for insulin were zero or almost zero the percentage changes were not calculated.
Statistical analyses were made by a two-tailed paired Student's 't'test with a 5% significance level.
Results

Effect of Streptozotocin Treatment on Plasma Glucose, Insulin and Glucagon
Streptozotocin produced a moderate to severe diabetic state with wasting, polyuria and moderate hyperglycaemia. The blood glucose level before streptozotocin treatment was 4.5 _+ 0.2 mmol/1 (mean -4-_ SEM, n = 1 l, range 3.3-5.1 mmol/1). On the day of operation, blood glucose levels had risen to 15.3 _+ 1.7 mmol/1 (range 8.5-24.3 mmol/1) (p < 0.001). Plasma glucagon was also significantly elevated (p < 0.01) after streptozotocin administration; before: 36 +_ 7pg/ml (range 10-70pg/ml); after: 548 + 147 pg/ml (range 100-1400 pg/ml). Plasma insulin values were low and did not change significantly: before 2.4 _+ 0.8 versus 1.4 _+ 0.6 mU/1 after. All diabetic dogs had ketonuria.
Somatostatin, Glucagon and Insulin Release from the Isolated Perfused Pancreas of Normal and Streptozotocin Diabetic Dogs in Response to D-Glyceraldehyde at Glucose 0 and 8.3 mmol/l
The effect of 10 min infusions of D-glyceraldehyde 5 retool/1 on somatostatin, glucagon, and insulin release from normal and diabetic preparations was studied in the absence of glucose. In the normal pancreas (Fig. 1, left panel) the triose elicited a clearcut, biphasic increase in somatostatin (77 _+ 23% p < 0.05) and insulin output while glucagon release was inhibited by 54 + 7% (p < 0.001). After the removal of D-glyceraldehyde, control levels were reattained after a short-lived 'off' response. As seen in Figure 1 (right panel), insulin secretion by the diabetic pancreas was almost extinct throughout, while D-glyceraldehyde 5 mmol/1 slightly suppressed somatostatin and glucagon secretion by 16 + 3% (p < 0.05) and 20 + 11% (NS), respectively.
At the high glucose concentration of 8.3 mmol/1, release of insulin and somatostatin from the normal pancreas was relatively increased, whereas glucagon release was relatively low (Fig. 2, left panel) . When D-glyceraldehyde (5 mmol/1) was added to the perfusate, D cell secretion was inhibited by 72 _+ 5% (p < 0.001), B cell secretion by 30 +_ 9% (p < 0.05) and A cell secretion by 31 +_ 5% (p < 0.05). In the same experiment in streptozotocin diabetic dogs (Fig. 2 , right panel) D-glyceraldehyde (5 mmol/1) did not alter the very low rate of insulin secretion, although it suppressed somatostatin secretion by 47 + 9% (p < 0.05) and glucagon secretion by 37 +_ 2% (p < 0.001).
To see whether lower concentrations of D-glyceraldehyde also failed to stimulate D and B cell secretion in the diabetic state, the effect of D-glyceraldehyde 1.25 and 2.5 mmol/1 was studied in the absence of glucose (Fig. 3) . Neither somatostatin nor insulin secretion showed any significant change, while the higher concentration of D-glyceraldehyde (2.5 mmol/1) slightly reduced glucagon secretion (by 26 +__ 5%, p < 0.01). After the perfusion of D-glyceraldehyde at 2.5 mmol/1 there was a slight rebound in somatostatin and glucagon release. 
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Effect of Dihydroxyacetone in the Absence of Glucose
The effect of 10 min perfusions of another triose, dihydroxyacetone, was investigated in three diabetic preparations. In the absence of glucose, the addition of dihydroxyacetone (11 mmol/1) did not significantly alter the secretion of somatostatin or glucagon (A%: 2 + 6% and -7 + 8%, respectively). B cell secretion was absent throughout the perfusions.
Effect of Mannoheptulose at Glucose 8.3 mmol/l
In four diabetic preparations perfused with glucose at 8.3 mmol/1, mannoheptulose (5 mmol/1) was added for 10 min periods. Both somatostatin and glucagon release were unaffected by this metabolic blocking agent (A%: -3 _+ 3% and 9 + 5%, respectively). 
Comparison of the Effect of Glucose Variation During Arginine Infusion in Normal and Diabetic Dogs
The effect of varying the glucose concentration in the perfusate in the presence of arginine is shown in Figure 4 . In the normal pancreas arginine (5 mmol/1) clearly stimulated glucose (8.3 mmol/1) mediated somatostatin, glucagon and insulin secretion as expected (Fig. 4, left panel) . A 10 rain decrease in the glucose concentration of the perfusate to 1.4 mmol/1 in the continued presence of arginine immediately blunted the secretion of somatostatin and insulin (by 37 + 5%,p < 0.01 and71 _+ 4%,p < 0.001, respectively) while glucagon release was augmented by 46 + 6% (p < 0.01). With the restoration of the higher glucose level, hormone secretion attained its previous level.
In the diabetic pancreas arginine (5 mmol/1) also stimulated somatostatin and glucagon secretion (Fig. 4, right panel) . However there was no decrement in somatostatin or increment in glucagon release in response to the lowering of the glucose concentration in the perfusate.
Discussion
Pancreatic D cell function is abnormal in experimental diabetes [1] . The rate of somatostatin release from the isolated pancreas of streptozotocin diabetic dogs is unaffected by variations in the level of glucose in the perfusate [1] . To explore the molecular basis of this D cell impairment, we have investigated somatostatin response in the pancreas of streptozotocin diabetic dogs to D-glyceraldehyde, dihydroxyacetone and mannoheptulose, comparing them with that obtained in normal dogs.
It was found that concentrations of D-glyceraldehyde (1.25 and 2.5 mmol/1) and dihydroxyacetone (11 mmol/1), which normally stimulate D cell secretion [8] , did not do so in the perfused pancreas of streptozotocin diabetic dogs. We have already shown that D-glyceraldehyde at 5 mmol/1 produces a maximal somatostatin response while 10 mmol/1 produces a clear-cut inhibition [8] . The latter effect may be due to a non-specific action which reduces islet ATP concentration [14] . Knowing that glucose is degraded by the islets to D-glyceraldehyde phosphate [151, the suppressive effect observed in this study of D-glyceraldehyde (5mmol/1) when infused with glucose (8.3 mmol/1) is not too surprising. In the diabetic preparations, D-glyceraldehyde (5 mmol/1) exerted a suppressive effect on D cell secretion, irrespective of the glucose concentration. Whether the above-mentioned non-specific effect contributes to the inhibitory action of D-glyceraldehyde on glucagon secretion in the streptozotocin diabetic pancreas is unknown.
In accordance with the previously demonstrated absent hormonal response to glucose in the diabetic pancreas [1] , it was found that the metabolic blocking agent mannoheptulose (5 mmol/1), which inhibits glucose metabolism and glucose mediated D and B cell secretion but which stimulates A cell secretion [2, 8] had no influence on islet cell secretion. In addition, arginine-stimulated pancreatic hormone secretion in the diabetic pancreas was unaffected by sudden changes in the glucose concentration of the perfusate.
A considerable body of evidence indicates that the metabolism of glucose within the D cell is fundamentally involved in the normal process of glucose recognition and the hormonal response it induces [8] . This concept is supported by the present findings which demonstrate that pancreatic D and A cell dysfunction in streptozotocin diabetes not only consists of impaired response to the intact glucose molecule but also involves a disorganization of the hormone response to glucose metabolites.
It remains unresolved whether the functional abnormalities of the D cell are caused by a direct action of streptozotocin, by a lack of endogenous insulin in the vicinity of the D cell or are secondary to abnormal intermediary metabolism.
In conclusion, pancreatic D cells in streptozotocin diabetes are characteristically unresponsive to glucose and glucose metabolites. This is probably due to a defect in their glucose recognition system.
